This research formulates an optimal control model that reproduces human rising movements from a chair (sit-to-stand movements). The model switches its dynamics from a one-link and one-joint structure to a three-link and three-joint one at the time (switching time) when its body moves away from a chair and optimizes its criterion function composed of three kinds of energy costs, a centerof-gravity cost, and an input cost. The research clarifies the model's performance in reproducing human sit-to-stand movements and discusses factors indispensable for rising from a chair. The following results are derived: (1) the model has the ability to produce various kinds of sit-to-stand movements by adjusting the weight of the input cost (input weight) and the switching time; (2) the input cost during sitting on the chair strongly affects the model's performance, whereas the energy costs and the center-of-gravity cost hardly do so; (3) there exists the optimal relation between the input weight and the switching time, and the sit-to-stand movements predicted according to the optimal relation agree well with the measured ones. These results suggest that the proposed model can be a plausible and effective model of the human sit-to-stand mechanism and that the input weight and the switching time can be factors indispensable for rising from a chair. of torque (6)(7) , and the consumed energy (8)(9) , respectively, integrated over the entire movement. The fourth is the minimum variance model to minimize the variance in the fluctuation of the end points over a given period after the reaching movement (10) . The fifth is the three-joint optimal control model characterized by a freezing-like mechanism in its hand joint and minimization of the consumed energy integrated over the entire movement (11)(12) . Moreover, several studies have sought to formulate optimal control models for reproducing walking or sporting movements (13)(14) . If mathematical modeling such as optimal control models mentioned above can also be applied to human rising movements from a chair, this will be highly significant from the following standpoints: (1) it will make it possible to theoretically elucidate the human sit-to-stand mechanism; (2) it will serve to establish a theoretical basis for reproducing more complicated movements such as posture control, walking, and hopping movements; (3) it will enable us to develop optimum design methods for rehabilitation or welfare apparatuses that facilitate rising motion from a chair.
Introduction
Human rising movements from a chair (sit-to-stand movements) are important not only as one of human frequent motion tasks in daily life but also as a fundamental motion leading to human posture control, walking movements, hopping movements, and so on. Moreover, the human motor function impaired by some disease or aging often affects the ability to rise from a chair; hence, sit-to-stand movements are also important as one of motion tasks difficult for elderly or disabled persons to perform. Conventional studies on human sit-to-stand movements have been focusing on experimental measurement and its analysis of joint angles, angular velocities, and joint torques in terms of ergonomics or biomechanics (1) ~ (4) , and there has been no research on mathematical modeling that makes it possible to theoretically reproduce human sit-to-stand movements. As for human arm's reaching movements, at least five typical kinds of optimal control models have been proposed to reveal the human arm's reaching mechanism. The first, second, and third are the minimum jerk model, the minimum torque-change model, and the minimum energy model to minimize the square of jerk of the hand position (5) , the square of the rate of change from Fig. 1 . The height of the chair was 40.5 cm or 20.4 cm. The foot distance stood for the distance from the end point of the chair to each subject's heels and was set to either of two kinds of distances with respect to each chair's height: 5.0 and 20.0 cm for the chair with the height of 40.5 cm, and 0.0 and 10.0 cm for the chair with the height of 20.4 cm. One red LED was mounted on each of subjects' toe, three joints (hip, knee, and ankle joints), and head. The head, hip-joint, and knee-joint paths from the start posture (sitting-down posture) to the final posture (rising-up posture) were measured by recording the motion of the red LEDs with a digital video camera (30 frames/sec) placed at a fixed distance from the vertical planar board and analyzing it. Each subject's ankle joint was set as the origin of the X-Y coordinates. Two subjects (Y.S. and T.F.) participated in the experiment. Since ten sit-to-stand movements were performed for each of four kinds of combinations of two chair heights and two foot distances, a total of 40 movements were measured. The experiment was conducted in a dark room. Off-line digital image signal processing was performed to compute the red LED position coordinates, and the ankle, knee, and hip joint angles were derived from the X-Y coordinates of the red LEDs. To multiply the number of measured data, the joint angles every 1/30 sec were interpolated into those every 1 msec using a leastsquared method with a constrained condition that the joint angles, angular velocities, and angular accelerations at the start and final postures are equal to the measured ones, and then the interpolated joint angles were differentiated to calculate their angular velocities and differentiated again to calculate their angular accelerations. Figure 2 shows the head, hip-joint, and knee-joint paths derived from the sit-to-stand video images, and 10 measured data overlap each other; (a) and (b) are for the chair with the height of 40.5 cm and the foot distances of 5 and 20 cm, respectively; (c) and (d) are for the chair with the height of 20.4 cm and the foot distances of 0 and 10 cm, respectively; (1) and (2) are for subjects Y.S. and T.F., respectively. Figure 3 shows the ankle, knee, and hip joint angles derived from the video images for subject Y.S. as a function of time, and 10 measured data overlap each other; (a) and (b) are for the chair with the height of 40.5 cm and the foot distances of 5 and 20 cm, respectively; (c) is for the chair with the height of 20.4 cm and the foot distance of 10 cm. From Figs. 2 and 3, the following results were obtained: (1) the sit-to-stand movements consisted of two kinds of periods, i.e., sittingdown period and rising-up period; (2) during the sitting-down period, the subjects bent their upper body forward keeping their sitting-down posture on the chair through increasing their hip joint angle; (3) during the rising-up period, they rose up from the chair to accomplish an upright posture through stretching their hip and knee joints; (4) the above sit-to-stand procedure was independent of the chair height and the foot distance. These results mean that human sit-to-stand movements are facilitated by bending the upper body forward and moving the center of gravity closer to the base of support, which is the polygonal area surrounding the feet. Therefore, for modeling the human sit-to-stand mechanism, it will be (2) subject: T.F.
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The values of m i , Lci, and Ii were estimated from the measured link length Li and the body weight for each subject by referring to references (15)~ (18) . Eqs. (1) and (2) can be rewritten as the following state equations, respectively:
where = u τ represents the input variable vector, i.e., the rate of change of torque around each joint; I represents the 3×3 unit matrix; I 3 represents the 3×3 matrix in which only the (3,3) component is 1 and the other components are 0. The optimal control model proposed here predicts the unique sit-to-stand trajectory by optimizing the following criterion function subject to the constraint imposed by the two kinds of equations of motion (Eqs. (3) and (4)) before and after its body moves away from a chair.
where t f is the movement duration; t 1 is the switching time when the model's body moves away from a chair; x(t f ) and x tf are the value and the desired value of the state variable x, respectively, at the final posture (t=t f ); Q and R are the 9×9 and 3×3 diagonal weight matrices, respectively; ψ represents the error between the two state variables x(t f ) and x tf at t=t f ; W i is the total energy cost representing the weighted sum of three kinds of energy costs; Cg i is the center-of-gravity cost representing the error between the X-coordinate value x G of the center of gravity for the whole body and the desired value x G *; i=1 and i=2 correspond to the sitting-down period and the rising-up period, respectively. The first, second, and third terms of the total energy cost W i represent the moment power of joints, the energy for sustaining the torque of joints, and the energy consumed by viscous resistance, respectively, and ω i1~ωi5 (i=1~2) are the weight values. The optimization of the criterion function (Eq. (5)) can be executed by using the calculus of variations in the same way as that of ordinary optimal control problems, and the necessary condition for Eq. (5) to be optimized is that the first variation δJ* of the augmented criterion function J* is equal to zero (δJ*=0). Letting two Hamiltonians before and after the switching time t 1 be defined, respectively, as
the control which optimizes the criterion function of Eq. (5) can be derived from the following equations.
∂H 1 ／∂u = 0, ∂H 2 ／∂u = 0 (11) The optimal trajectory can be determined by solving the following set of nonlinear differential equations with respect to x and λ , which is a necessary condition for an optimum point to exist, under the optimal control of Eq. (11).
(12) (13) where λ denotes the Lagrange-multiplier vector (adjoint variable vector) with nine 3 3 3
(8)
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where x(0) and x 0 are the value and the initial value of the state variable x, respectively, at the initial posture (t=0); λ(t f ) is the value of the Lagrange-multiplier vector λ at the final posture (t=t f ); t 1 -and t 1+ stand for the times just before and after the switching time t 1 , respectively. The initial hip-joint torque, i.e., the ninth component of x 0 , can be calculated by eliminating the angular velocity and acceleration of the hip joint from Eq. (1) as the value required for holding the initial posture at t=0. Moreover, as an additional boundary condition, the model requires the initial ankle-joint and knee-joint torques at the switching time t 1 , so that it can hold the continuity of its body posture at the switching time t 1 . These values can be calculated by eliminating the angular velocities and accelerations of the ankle and knee joints from Eq. (2). The above multi-point boundary-value problem can be solved iteratively based on a Newton-like method.
Model's Performance in Predicting Rising Movements from a Chair
To evaluate the performance of the proposed model, this section clarifies the influences of the switching time t 1 , the weights ω i1~ωi5 (i=1~2), and the weight matrix Q on the sitto-stand movements predicted by the model, and compares the measured sit-to-stand movements with the optimal ones predicted by the model. Figure 5 shows the sit-to-stand movement characteristics predicted by minimizing the model's criterion function as a parameter of the switching time t 1 (t 1 =100, 200, 300, 400, 500, 600, 700 msec); (a) represents the predicted head, hip-joint, and knee-joint paths; (b) represents the predicted hip-joint, knee-joint, and ankle-joint angle profiles; (c) represents the associated tangential velocity profiles of the head point. The weight values were ω i1 = ω i2 =ω i3 =ω i5 =0.0 and ω i4 =1.0 (i=1~2). The height of the chair was 40.5 cm and the foot distance was 5.0 cm. For the actual calculation, the ankle-joint, knee-joint, and hip-joint angles of the initial and desired state variables x 0 and x tf at the initial (t=0) and final (t=t f )
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t1=700 postures, respectively, were derived from one of the measured sit-to-stand movements. The angular velocity components of x 0 and x tf were set to zero, in other words, the model's body was assumed to stand still at t=0 and t=t f . The torque components of x 0 were set to zero except for the hip-joint torque, and the torque components of x tf were calculated by eliminating the angular velocities and accelerations of the three joints from Eq. (2) at =t f . Then, these values x 0 and x tf were substituted into the boundary conditions of Eq. (14), and the multi-point boundary-value problem of Eqs. (12) and (13) was solved iteratively based on a Newton-like method. The diagonal components of the weight matrix Q were set to Q 11~Q99 =10 8 , and those of the weight matrix R were fixed to R 11 =R 22 =R 33 =1.0. The movement duration was t f =1231 msec. Figure 6 shows series of the sit-to-stand postures calculated every 100 msec as a parameter of the switching time (t 1 =100, 400, and 700 msec) to facilitate the understanding of Fig. 5 (a) . From Figs. 5 and 6, the following results were obtained: (1) the proposed model bent its upper body forward keeping its sitting-down posture on the chair through increasing its hip-joint angle and then rose up from the chair to accomplish an upright posture through stretching its hip and knee joints; (2) as the switching time t 1 became longer, the sitting-down period on the chair became longer, and as a result, the model's upper body was much more bent forward; (3) as the switching time t 1 became longer, the head tangential velocity profile changed its shape from a single-peaked curve to a double-peaked one, and the second peak value became larger than the first one. The above results mean that the proposed model has the ability to produce sit-to-stand movements with the same features as the measured sit-to-stand ones and that the model can control the degree of the upper body's forward bending and the length of the sitting-down period by adjusting the switching time. Therefore, the switching time t 1 can be a factor indispensable for rising from a chair. Figure 7 shows the sit-to-stand movement characteristics predicted by minimizing the model's criterion function as a parameter of the weight ω 14 (ω 14 =0.1, 0.2, 0.4, 1.0, 3.0, 10.0) of the input cost (input weight ω 14 ) during the sitting-down period (i=1); (a) represents the predicted head, hip-joint, and knee-joint paths; (b) represents the hip-joint, knee-joint, and ankle-joint angle profiles; (c) represents the associated tangential velocity profiles of the head point. The weight values were ω i1 =ω i2 =ω i3 =ω i5 =0.0 (i=1~2) and ω 24 =1.0; the switching time t 1 was set to 400 msec. The height of the chair was 20.4 cm and the foot distance was 0.0 cm. The optimization procedure was the same as that in Figs. 5 and 6. The diagonal components of the weight matrix Q were set to Q 11~Q99 =10 8 , and those of the weight matrix R were fixed to R 11 =R 22 =R 33 =1.0. The movement duration was t f =1491 msec. Figure 8 shows series of the sit-to-stand postures calculated every 100 msec as a parameter of the input weight (ω 14 =0.1, 1.0, and 10.0) to facilitate the understanding of Fig. 7 (a) . From Figs. 7 and 8, the following results were obtained: (1) the model bent its upper body forward keeping its sitting-down posture on the chair through increasing its hip joint angle and then rose up from the chair to accomplish an upright posture through stretching its hip and knee joints; (2) as the input weight ω 14 became smaller, the model's upper body was much more bent forward; (3) as the input weight ω 14 became smaller, two peaks of the head tangential velocity profile, which formed a double-peaked curve, became larger in magnitude, and the first peak value tended to become larger than the second one. When the model's criterion function (Eq. (5)) is minimized, a decrease in the input weight ω 14 results in an increase in the model's input (torque-change) driving the hip joint during the sittingdown period (i=1). That is why as the input weight ω 14 became smaller, the model's upper body was much more bent forward and the first tangential velocity peak value during the sitting-down period tended to become larger than the second one during the rising-up period. The above results mean that the proposed model has the ability to produce sit-to-stand movements with the same features as the measured sit-to-stand ones and that the model can control the degree of the upper body's forward bending by adjusting the input weight ω 14 . Therefore, the input weight ω 14 can be another factor indispensable for rising from a chair.
Influence of Input Weight on Predicted Sit-to-Stand Movements
It was also confirmed that the weights ω i1 , ω i2 , and ω i3 of the total energy cost W i , the weights ω i5 (i=1~2) of the center-of-gravity cost Cg i , and the input weight ω 24 during the rising-up period hardly influenced the sit-to-stand movement characteristics predicted by the model. This means that these weights can not always be factors indispensable for rising from a chair. Therefore, the proposed model can simulate various kinds of human sit-tostand movements by appropriately adjusting only the two factors, i.e., the switching time t 1 and the input weight ω 14 . Figure 9 shows the sit-to-stand movements predicted by minimizing the model's criterion function as a parameter of the diagonal components of the weight matrix Q (Q 11~Q99 =10 6 , 10 7 , 10 8 ) in the criterion function and depicts series of the sit-to-stand postures calculated every 100 msec. The height of the chair was 40.5 cm and the foot distance was 20.0 cm; the weight values were ω i1 =ω i2 =ω i3 =ω i5 =0.0 (i=1~2), ω 14 =0.27, and ω 24 =1.0; the switching time was t 1 =320 msec; the movement duration was t f =1337 msec;
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the diagonal components of the weight matrix R were fixed to R 11 =R 22 =R 33 =1.0. The optimization procedure was the same as that in Figs. 5~8. As seen from Fig. 9, a 
Time Q 11~Q99 =10 6 10 7 10 8 Fig.9 Series of the sit-to-stand postures calculated every 100 msec as a parameter of the diagonal components of Q.
the diagonal components of Q tended to make the degree of the upper body's forward bending reduced and make the thigh and the upper body bent backward at the final point (t=t f ). This means that the error between the value x(t f ) and the desired value x tf of the state variable x at t=t f is magnified with a decrease in the diagonal components of Q. Figure 10 shows the relation between the two factors and the criterion function value J; (a) and (d) represent the relations between the switching time t 1 (the first factor) and the criterion function value J calculated as a parameter of the input weight ω 14 ; (b), (c), (e), and (f) represent the relations between the input weight ω 14 (the second factor) and the criterion function value J calculated as a parameter of the switching time t 1 ; (1) and (2) are for subjects Y.S. and T.F., respectively. Actually, the fifth root of the criterion function value J is used in Fig. 10 to make clear the difference among the calculated curves. As for subject Y.S., (a) and (b) are for the chair height of 40.5 cm, the foot distance of 5.0 cm, and the movement duration of 1231 msec; (c) is for the chair height of 40.5 cm, the foot distance of 20.0 cm, and the movement duration of 1337 msec. As for subject T.F., (d) and (e) are for the chair height of 20.4 cm, the foot distance of 0.0 cm, and the movement duration of 1429 msec; (f) is for the chair height of 20.4 cm, the foot distance of 10.0 cm, and the movement duration of 1411 msec. The optimization procedure was the same as that in Figs. 5~9. The weight values were ω i1 =ω i2 =ω i3 =ω i5 =0.0 (i=1~2) and ω 24 =1.0. The diagonal components of the weight matrix Q were set to Q 11~Q99 =10 8 , and those of the weight matrix R were fixed to R 11 =R 22 =R 33 =1.0. From Fig. 10 , the following results were obtained: (1) for the relation between t 1 and J (Fig. 10(a) and (d) ), the criterion function value J increased monotonically with an increase in the switching time t 1 regardless of the input weight ω 14 ; (2) for the relations between ω 14 and J (Fig. 10(b) , (c), (e), and (f)), there existed the unique input weight value for the criterion function to take a minimum, and the unique input weight value and the minimum criterion function value increased with an increase in the switching time t 1 ; (3) the above results were independent of the chair height and the foot distance. The result (1) means that for the relation between t 1 and J, there exists no optimum switching time. The result (2) means that for the relations between ω 14 and J, there exists the optimum input weight ω 14-opt for each switching time, in other words, there is a one-to-one correspondence between the optimum input weight ω 14-opt and the switching time (hereinafter referred to the unique switching time t 1 *) when the optimum input weight ω 14-opt is produced. Therefore, this concludes the existence of the optimal relation between the input weight ω 14 and the switching time t 1 , i.e., the relation between the optimum input weight ω 14-opt and its unique switching time t 1 *; so, the sit-to-stand movements predicted according to the optimal relation can be regarded as optimally-weighted in terms of the proposed model. Figure 11 shows the relation between the optimum input weight ω 14-opt and its unique switching time t 1 * for each of four combinations (L1, L3, SL1, SL3) of chair heights and foot distances; (1) and (2) are for subjects Y.S. and T.F., respectively. The chair height and the foot distance were 40.5 cm and 5.0 cm, respectively, for L1, 40.5 cm and 20.0 cm for L3, 20.4 cm and 0.0 cm for SL1, and 20.4 cm and 10.0 cm for SL3. From Fig.  11 the following results were obtained: (1) the unique switching time t 1 * increased monotonically with the optimum input weight ω 14-opt ; (2) the monotonically increasing characteristic in the above result (1) t1*(msec), 14- opt ω t1*(msec), 14- opt ω 14-opt ω t1*, 14- opt ω t1*, 14- opt ω 14-opt ω t1*, 14- opt ω t1*, 14-opt t1*, 14-opt ω t1*, 14-opt ω 14-opt ω 100 msec, 0.035 = t1*, 14-opt ω 100 msec, 0.035 = t1*, 14-opt ω t1*, 14-opt ω 14-opt ω Fig. 12 Seven series of the optimally-weighted sit-to-stand postures calculated every 100 msec for seven pairs of optimum input weights ω 14-opt and their unique switching times t 1 *. increasing characteristic in the above result (1) changed in slope depending on subjects. Figure 12 shows the optimally-weighted sit-to-stand movements predicted by using seven pairs of optimum input weights ω 14-opt and their unique switching times t 1 * and depicts seven series of the optimally-weighted sit-to-stand postures calculated every 100 msec. Fig. 12(a) Fig. 12 . The following results were derived from Fig. 12: (1) seven series of the optimally-weighted sit-to-stand postures shared almost the same trajectory in spite of different pairs of optimum input weights and their unique switching times, though the timing when the model's body moved away from the chair was delayed as both ω 14-opt and t 1 * increased; (2) the above result (1) was independent of the chair height and the foot distance. The result (1) means that the trajectories of the optimally-weighted sit-to-stand movements predicted by the model are almost the same in shape irrespective of pairs of optimum input weights and their unique switching times. This is because decreasing or increasing both ω 14-opt and t 1 * exerts two kinds of conflicting effects simultaneously on trajectories predicted by the model. As seen from Figs. 5~8, one effect is that a decrease (or an increase) in ω 14 causes the forward bending of the model's upper body to be enlarged (or reduced), and the other effect is that a decrease (or an increase) in t 1 causes the forward bending of the model's upper body to be reduced (or enlarged). Therefore, since ω 14-opt and t 1 * increase or decrease together on the ω 14-opt vs. t 1 * curves (Fig. 11) , the conflicting effects make the proposed model rise from a chair in almost the same way irrespective of pairs of optimum input weights and their unique switching times. Figure 13 shows the comparison between a series of the measured sit-to-stand postures (dotted line) and that of the optimally-weighted ones (solid line) calculated every 100 msec according to the ω 14-opt vs. t 1 * relation. Fig. 13(a) and (b) are for subject Y.S.; (a) is for the chair height of 40.5 cm, the foot distance of 5.0 cm (L1), and the pair of ω 14-opt =0.42 and t 1 *=270 msec; (b) is for the chair height of 20.4 cm, the foot distance of 0.0 cm (SL1), and the pair of ω 14-opt =0.348 and t 1 *=280 msec. Fig. 13(c) and (d) are for subject T.F.; (c) is for the chair height of 40.5 cm, the foot distance of 20.0 cm (L3), and the pair of ω 14-opt =0.378 and t 1 *=370 msec; (d) is for the chair height of 20.4 cm, the foot distance of 10.0 cm (SL3), and the pair of ω 14-opt =0.45 and t 1 *=350 msec. Since there exist an infinite number of pairs of optimum input weights and their unique switching times on the ω 14-opt vs. t 1 * curves as seen from Fig. 11 , the best pair was selected which minimized the square error between the measured joint angle profile and the predicted one; the four pairs of ω 14-opt and t 1 * mentioned above stand for the best pair. The other weight values were ω i1 = ω i2 =ω i3 =ω i5 =0.0 (i =1~2) and ω 24 =1.0. The diagonal components of the weight matrix Q were set to Q 11~Q99 =10 8 , and those of the weight matrix R were fixed to R 11 =R 22 =R 33 =1.0. From Fig. 13 the following results were derived: (1) as for subject Y.S., the optimally-weighted sit-to-stand postures for the chair height of 40.5 cm and the foot distance of 5.0 cm (L1) agreed well with the measured ones ( Fig. 13(a) ), whereas the optimally-weighted ones for the chair height of 20.4 cm and the foot distance of 0.0 cm (SL1) differed slightly from the measured ones in that the upper body's forward bending for the optimally-weighted ones became a little smaller than that for the measured ones ( Fig. 13(b) ); (2) as for subject T.F., the optimally-weighted ones agreed well with the measured ones regardless of the chair height and the foot distance ( Fig. 13(c) and (d) ). The above results mean that the proposed model can successfully reproduce the human sit-to-stand movements by using the appropriate pair of optimum input weight ω 14-opt and its unique switching time t 1 * in Fig. 11 , though as for subject Y.S., there exists some difference in the degree of the upper body's forward bending between the optimally-weighted and measured postures in the case of the low chair. This suggests that the proposed model can be a plausible and effective model of the human sitto-stand mechanism. In Fig. 13 , the best pairs of ω 14-opt and t 1 * were determined based on the square error between the measured joint angle profile and the predicted one. In fact, however, which one of an infinite number of pairs should be selected to reproduce human sit-to-stand movements will depend on how the upper body is bent forward during the sitting-down period. That is, if the way for humans to bend their upper body forward during the sitting-down period is specified, the value of ω 14-opt related closely to the upper body's motion during the sitting-down period can be determined, and in addition the value of t 1 * can also be determined automatically based on the ω 14-opt vs. t 1 * relation in Fig. 11 ; then the setting of the two values makes it possible for the proposed model to predict optimallyweighted sit-to-stand movements.
Model's Optimal Reproduction of Human Sit-to-Stand Movements
Discussion
Human Optimization Strategy for Sit-to-Stand Movements
Section 3 provides the following results regarding the influences of the weights in the criterion function of Eq. (5) on the sit-to-stand movements predicted by the model: (1) the input weight ω 14 during the sitting-down period strongly influenced the sit-to-stand movements predicted by the model in the way that a decrease (or an increase) in ω 14 Fig.13 Comparison between a series of the measured sit-to-stand postures and that of the optimally-weighted ones calculated every 100 msec.
input weight ω 24 during the rising-up period hardly did so; (2) the weights ω i1 , ω i2 , ω i3 (i=1~2) of the total energy cost W i hardly influenced the sit-to-stand movements predicted by the model; (3) the weights ω i5 (i=1~2) of the center-of-gravity cost Cg i hardly influenced the sit-to-stand movements predicted by the model. The result (1) means that the strength of the upper body's forward bending during the sitting-down period can control the overall shape of sit-to-stand trajectories; that is why the input weight ω 14 can be a factor indispensable for rising from a chair. This suggests that the human sit-to-stand mechanism functions based on a strategy to optimize the input (torque-change) during the sitting-down period; the validity of this suggestion will also be supported by an empirical fact that the importance of the upper body's forward bending during the sitting-down period can be easily experienced in daily life. The result (2) can be thought to have two kinds of interpretations. One is that the human sit-to-stand mechanism does not utilize any energy minimization strategy for rising from a chair. The other is that the three kinds of energy costs in the criterion function of Eq. (5) are not necessarily appropriate for reproducing human sit-to-stand movements. The energy costs of Eq. (5) are the same as the energy costs used for successfully reproducing human arm's reaching movements (11)(12) ; therefore, it might be needed to utilize different types of energy costs for sit-to-stand movement reproduction. Verifying which one of the two kinds of interpretations is valid will be future work. The result (3) means that the human sit-to-stand mechanism does not adopt any strategy to minimize the deviation of the center of gravity from a desired position. Humans always move their center of gravity close to the base of support by bending their upper body forward during the sitting-down period, and then rise up to accomplish an upright posture. Therefore, the center-of-gravity deviation can be regarded as small enough at the time when the body moves away from a chair; so, humans will no longer need such a center-of-gravity deviation minimization strategy for rising from a chair.
Differences between Measured and Optimally-Weighted Sit-to-Stand Movements
The comparison between a series of the measured sit-to-stand postures and that of the optimally-weighted ones (Fig. 13 ) clarifies the following two results. The first result is that as for subject Y.S., the optimally-weighted sit-to-stand postures for the chair height of 40.5 cm agreed well with the measured ones ( Fig. 13(a) ), and as for subject T.F., the optimallyweighted ones agreed well with the measured ones regardless of the chair height and the foot distance ( Fig. 13(c) and (d) ). This means that the ω 14-opt vs. t 1 * relation in Fig. 11 is effective in reproducing human sit-to-stand movements, and suggests that the proposed model can be a plausible and effective model of the human sit-to-stand mechanism. The second result is that as for subject Y.S., the optimally-weighted sit-to-stand postures for the chair height of 20.4 cm differed slightly from the measured ones in that the upper body's forward bending for the optimally-weighted ones became a little smaller than that for the measured ones ( Fig. 13(b) ). This means that under a condition that the chair is low, that is, it is more difficult to rise from a chair, humans may increase the degree of the upper body's forward bending more than the proposed model. Humans might fail to rise from a chair and fall on their hips under a bad condition that it is difficult to rise from a chair, such as lower chair height or larger foot distance. A best method to avoid such a fail will be to increase the degree of the upper body's forward bending; if doing so, humans can move their center of gravity closer to the base of support and rise from a chair more definitely. That will be why the measured sit-to-stand postures for the chair height of 20.4 cm became larger in the upper body's forward bending than the optimally-weighted ones. A simple method to make the optimally-weighted sit-to-stand postures agree well with the measured ones under such a bad condition is to use input weight values ω 14 a bit smaller than the optimum input weight value ω 14-opt derived from Fig. 11 . That is because decreasing the input weight value ω 14 makes the degree of the upper body's forward bending larger, as seen from Figs. 7 and 8.
Model's Two Kinds of Functions to Predict Sit-to-Stand Movements
Section 3 clarifies that there exist the model's two kinds of functions to predict sit-tostand movements. The first is a function to predict them by selecting an input weight value ω 14 and a switching time t 1 without any constrain. Humans can freely control the degree of their upper body's forward bending and the length of the sitting-down period when they rise from a chair; e.g., as well as rising ordinarily from a chair in the same way as the measured movements ( Fig. 1) , humans can rise extraordinarily from a chair by bending their upper body much more forward or extending their sitting-down period longer than in the measured movements. As shown in Subsections 3.1 and 3.2, the proposed model can also control them freely by appropriately adjusting the input weight ω 14 and the switching time t 1 . Therefore, the first function can be adapted for simulating various kinds of human sit-to-stand movements ranging from ordinarily-performed sit-to-stand movements to extraordinarily-performed ones, though it is a hard task to find the appropriate values of ω 14 and t 1 to reproduce measured sit-to-stand movements. The second is a function to predict the optimally-weighted sit-to-stand movements based on the optimal relation between ω 14 and t 1 , i.e., the relation between ω 14-opt and t 1 * in Fig. 11 . As shown in Subsection 3.4, the sit-to-stand movements based on the second function agreed well with the measured ones, i.e., ordinarily-performed sit-to-stand movements. Therefore, the second function can be adapted for easily reproducing ordinarily-performed sit-to-stand movements, though it is difficult to reproduce extraordinarily-performed ones.
The proposed model will also be able to reproduce sit-to-stand movements measured under other conditions of chair heights lower or foot distances farther than in the four kinds of combinations (L1, L3, SL1, and SL3); the model should reproduce ordinarily-performed and extraordinarily-performed sit-to-stand movements based on the model's two kinds of functions mentioned above in these cases as well. Fig. 11 shows that the four curves representing the relation between ω 14-opt and t 1 * nearly overlapped one another; so, it can be expected that the ω 14-opt vs. t 1 * curves for these cases will nearly overlap with those in Fig.11 as well. If the expectation is correct, this will mean that the model has the ability to reproduce various kinds of measured sit-to-stand movements according to almost the same ω 14-opt vs. t 1 * relation; in other words, this will suggest more clearly that the model can be a plausible and effective model of the human sit-to-stand mechanism. Moreover, it can be expected that the proposed model will be useful for reproducing elderly or disabled persons' sit-to-stand movements as well as healthy persons' ones. If measured elderly or disabled persons' ones are not only analyzed but also reproduced theoretically using the proposed model, this will serve to elucidate their sit-to-stand mechanism and to develop auxiliary components to facilitate their rising motion from a chair.
Conclusion
We formulated an optimal control model that reproduces human rising movements from a chair. The proposed model switched its dynamics during movement, and optimized its criterion function composed of three kinds of energy costs, a center-of-gravity cost, and an input (torque-change) cost. We clarified the model's fundamental performance in reproducing human sit-to-stand movements, and discussed factors indispensable for rising from a chair. Consequently, the following results were obtained: (1) the proposed model had the ability to produce various kinds of sit-to-stand movements by appropriately adjusting the switching time t 1 and the input weight ω 14 ; (2) the input cost during the sitting-down period strongly affected the model's performance, whereas the energy costs and the centerof-gravity cost hardly did so; (3) there existed the optimal relation between the input weight ω 14 and the switching time t 1 , and the optimally-weighted sit-to-stand movements predicted according to the optimal relation agreed well with the measured ones. These results suggest that the proposed model can be a plausible and effective model of the human sit-to-stand mechanism and that the input weight ω 14 and the switching time t 1 can be factors indispensable for rising from a chair. The proposed model will also serve to develop optimum design methods for rehabilitation or welfare apparatuses that facilitate rising motion from a chair.
